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When  a  warhead  detonates,  the  warhead  case  does  not  instantaneous*/  S' 
turn  into  a  family  of  well-defined,  high-velocity  fragments.  Rather,  there  is  a  f  %, 
finite  time,  normally  measured  in  microseconds  to  fractions  of  a  millisecond,  l 
within  which  the  warhead  case  undergoes  a  rather  complicated  behavioral  V_°. 
process  of  "expansion  —  to  fracture  — •  to  fragmentation,"  which  results  in  the 
formation  of  the  discrete  fragments  with  which  most  ordnance  engineers  are 
familiar. 

The  major  variables  which  govern  this  behavioral  process  appear  to  be 
the  charge-to-mass  ratio  (C/M)  of  the  warhead,  the  engineering  properties  of  the 
case  material,  and  the  energetic  characteristics  of  the  explosive.  For  a  more 
well-defined  overview  of  the  total  system  behavior  which  includes  the  spatial 
and  temporal  projection  of  fragments,  the  geometry  of  the  initiation  system,  the 
length-to-diameter  ratio  (L/D)  of  the  warhead,  and  the  degree  of  end  closure  of 
the  cylindrical  case  all  need  to  be  considered.  These  tatter  variables,  however, 
relate  more  to  the  behavior  of  fragments  after  formation  than  to  the  initial 
behavior  leading  to  their  formation. 

The  intent  of  this  report  is  to  present  a  descriptive  model  for  the 
expansion  and  fragmentation  behavior  for  the  case  of  a  single-point,  end 
initiated  warhead.  This  model  divides  the  cylinder  expansion  and  fragmen¬ 
tation  process  into  four  distinct  phases  or  zones  in  order  to  better  understand 
what  is  happening  in  each  zone  in  terms  of  (1)  the  case  expansion  to  fragmen¬ 
tation  behavior  and  (2)  the  respective  velocities  of  the  metal  case  or  fragments; 
and  to  treat  these  phases  or  zones  as  a  function  of  distance  and  time.  While 
these  four  phases  or  zones  are  all  tied  together  in  a  continuing  model  of 
behavior,  certain  features  may  occur  in  each  which  are  not  common  to  all. 
Identifiable  physical  events  may  be  used  to  establish  the  start  and  the 
completion  of  each  phase  or  zone. 

While  the  terms  "phase"  and  "zone"  are  used  somewhat  Interchangeably 
In  this  report  they  do  have  specific  meanings.  The  term  "phase"  actually  refers 
to  a  behavioral  mode  in  the  expansion  and  fragmentation  of  the  case.  The  term 
"zone"  refers  to  a  measurable  distance  for  which  a  corresponding  phase  is 
operable.  Thus,  Zone  1  is  the  distance  within  which  Phase  1  behavior  of  the 
warhead  case  occurs. 
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This  first  attempt  by  the  author  at  defining  such  a  spectrum  of  phases 
stresses  the  behavioral  modes  of  the  cylinder  and  how  they  are  linked  together. 
Within  each  phase  of  behavior  are  many  finer  details  of  interest.  No  attempt  is 
made  to  get  into  such  details  in  this  report. 

In  addition  to  providing  a  behavioral  treatment  of  the  cylinder  or  warhead 
case  from  detonation  to  target  impact,  a  discussion  of  the  overall  velocity 
behavior  of  the  case  is  also  presented.  A  review  of  earlier  experimental  and 
theoretical  studies  was  made  to  see  if  it  was  practicable  to  use  a  series  of  four 
representative  velocities,  one  for  each  zone  of  behavior.  Such  an  approach 
would  provide  an  engineering  "rule  of  thumb,"  which  would  allow  an  ordnance 
investigator  to  establish  both  the  behavioral  condition  of  the  warhead  case  and 
an  approximate  velocity  of  the  case  or  fragments  for  each  of  the  four  zones  of 
interest. 

The  behavioral  mode  and  the  velocity  mode  initially  are  treated  sepa¬ 
rately.  When  the  two  treatments  are  combined  later  in  the  report  the  result  is  a 
fragmentation  model  which  offers  actual  examples  of  the  engineering  "rule  of 
thumb"  approach  mentioned  above. 

In  the  latter  part  of  this  report  some  other  considerations  are  discussed 
which  help  to  clarify  the  conditions  which  govern  the  physical  behavior  of  the 
warhead  case  after  the  start  of  detonation  and  the  resulting  velocity  of  the  frag¬ 
ments.  This  information,  when  interwoven  into  the  behavior  of  the  fragmenta¬ 
tion  model,  helps  to  provide  a  more  thorough  understanding  of  the  total  case 
behavior  of  a  fragmentation  warhead. 

In  preparing  this  report  the  approach  has  been  largely  descriptive,  based 
mainly  on  the  experimental  results  of  earlier  studies  by  the  author.  These 
results  have  been  complemented  by  additional  data  provided  by  the  works  of 
both  recent  and  early-date  Investigators.  In  addition  to  providing  a  simplified 
way  of  viewing  a  very  complex  problem,  it  is  also  intended  that  this  report 
should  serve  as  a  training  guide  or  as  an  introduction  to  the  subject  for  people 
entering  the  warhead  field. 


EXPERIMENTAL  BASIS 


The  fragmentation  model  described  in  this  report,  and  the  representative 
values  given  in  the  examples,  are  based  on  the  results  of  a  number  of  separate 
studies  conducted  intermittently  by  the  author  over  a  period  of  years.  The  origi¬ 
nal  studies  each  dealt  with  some  specific  aspect  of  warhead  fragmentation  such 
as  temperature,  engineering  properties  of  the  case  material,  explosive  proper- 
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ties,  fragmentation  control  parameters,  multi-wall  case  design,  fabrication  tech¬ 
niques,  and  others. 

Most  of  these  studies  were  conducted  using  a  standard  size  test  vehicle; 
namely,  an  open  ended  steel  cylinder  5-in.  OD  x  4  1/2-in.  ID  x  10-in.  long.  A 
variety  of  different  steels  and  explosive  types  were  used  in  these  studies. 
However,  for  comparison  purposes  and  for  use  as  a  standardized  base,  a 
standard  test  cylinder  design  was  used  which  consisted  of  SAE  1015  steel  for 
the  case  material,  Comp  C-3  as  the  explosive,  and  single-point  end  initiation  for 
detonating  the  explosive.  These  studies  were  conducted  primarily  for  post¬ 
mortem  evaluation  of  the  fragments  and  involved  the  use  of  standardized 
arenas  for  fragment  recovery,  spatial  distribution,  and  fragment  velocities. 
Fractographic  and  metallographic  studies  were  also  conducted  on  recovered 
fragment  specimens.  Details  of  many  of  these  studies  are  given  in  References 
1  through  4. 

Companion  studies  frequently  involved  the  use  of  a  Cordin  high  speed 
framing  camera  in  order  to  obtain  an  understanding  of  the  early  phase  of  the 
fragmentation  process  under  various  test  conditions.  For  recording  the  early 
behavior  of  the  test  cylinder  the  Cordin  camera  was  operated  at  333,000  frames 
per  second.  At  this  framing  rate  the  interframe  time  between  pictures  was  3 
microseconds,  with  the  interframe  time  being  measured  from  peak  to  peak  Illu¬ 
mination  between  successive  pictures  in  a  sequence  of  26  frames  on  35-mm 
color  film.  Effective  exposure  time  for  recording  the  event  for  each  frame  was 
about  3/4  microsecond.  Lighting  for  each  event  was  provided  by  means  of  two 
tubular  argon  flash  bombs  located  on  either  side,  and  slightly  forward  of  the 
cylinders.  Colored  backboards  set  behind  the  test  round  were  used  to  accent 
the  expansion  behavior  of  the  cylinder. 

At  a  framing  rate  of  333,000  frames  per  second  the  recording  time  for 
each  test  was  about  75  microseconds.  This  was  an  excellent  time  period  in 
which  to  view  the  overall  process  from  the  start  of  detonation  until  the  fragmen¬ 
tation  process  was  obscured  by  detonation  products.  However,  to  study  the 
behavior  of  any  specific  location  along  the  cylinder  wall  there  is  a  shorter 
"viewing  window"  which  starts  when  the  passage  of  the  detonation  front  within 
the  cylinder  starts  to  radially  displace  that  section  of  the  cylinder,  and  stops 
when  the  detonation  products  emanating  from  fractures  in  that  location  obscure 
any  further  detailed  viewing  of  the  event.  With  the  cylinder  dimensions  previ¬ 
ously  given,  and  with  single-point  end  initiation,  the  "viewing  window"  time  for  a 
location  about  half  way  down  the  cylinder  was  about  36  microseconds.  More 
detailed  information  on  these  high-speed  photographic  studies  is  presented  in 
Reference  5. 

These  early  studies  by  the  author  used  5-in.  OD  cylinders  since  this  is  a 
typical  size  used  in  many  U.S.  Navy  weapons.  It  is  also  a  size  (not  too  big,  not 
too  small)  which  readily  allows  for  theoretical  adjustment  of  behavioral  patterns 
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to  other  size  warheads.  The  use  of  plain,  low-carbon  steels  was  stressed  in 
these  studies  since  they  are  widely  used  for  non-penetrating  warheads.  These 
steels  have  the  advantages  of  low  cost,  excellent  machinability,  and  when  used 
with  shear-control  grids  for  controlled  fragmentation  warheads  they  have  an 
excellent  "forgiving  nature"  for  minor  discrepancies  in  the  fabrication  of  the 
control  grids.  Also,  for  laboratory  analysis  they  provide  excellent  fractographic 
and  microstructural  signatures  of  the  event.  For  most  of  these  earlier 
experimental  studies  the  test  cylinders  had  a  C/M  ratio  in  the  range  0.85  to  0.90. 
For  a  detailed  discussion  of  the  shear-control  method  for  controlling  warhead 
fragmentation  the  reader  is  referred  to  Reference  4. 

The  plain,  low-carbon  steels  behave  in  an  extremely  ductile  manner 
when  used  as  the  case  material  for  fragmentation  warheads.  With  a  C/M  ratio  of 
the  size  given  above,  the  cylinder  wall  fractures  completely  in  shear.  For  sub¬ 
stantially  smaller  C/M  ratios  (more  metal,  less  explosive},  or  for  some  of  the 
higher  strength,  heat-treatable  steels  which  demonstrate  less  ductility  in  the 
fragmentation  process,  it  is  possible  to  obtain  case  fractures  which  are  a  combi¬ 
nation  of  shear  fracture  for  the  inner  portion  of  the  wall  and  tensile  fracture  for 
the  outer  portion  of  the  wall  (Reference  6). 

The  fragmentation  model  described  in  the  next  section  is  based  on  the 
expansion  behavior  of  a  ductile  steel  case  which  fractures  completely  in  shear. 
For  the  combination  type  of  fracture  the  fragmentation  model  described  Is 
appropriate  In  the  general  sense,  but  the  descriptive  appearance  of  fracture 
growth  and  its  mode  of  expansion  into  the  fragmentation  process  may  require 
some  modification. 


GENERAL 


BEHAVIORAL  MODE 


For  ease  of  study  or  presentation,  the  behavioral  mode  of  an  explosively- 
loaded  steel  cylinder  or  warhead  case  can  be  divided  into  four  distinct  phases, 
with  definite  features  which  can  be  used  to  separate  and  identify  the  four 
phases.  In  discussing  these  phases  it  is  easiest  to  look  at  the  behavior  of  one 
cross-sectional  slice  of  the  warhead  case.  In  the  qualitative  sense,  each  such 
section  of  the  warhead  case  follows  the  same  general  model,  except  that  the 
behavior  of  these  sections  is  sequential  in  time  and  follows  the  propagation  of 
the  detonation  front  through  the  explosive.  In  the  quantitative  sense,  some 
variations  may  occur  between  different  axial  locations  in  the  warhead  based  on 
such  factors  as  the  L/D  of  the  warhead  and  the  possible  introduction  of  end 
effects. 
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The  descriptive  aspects  of  the  following  four  phases  are  based  on  the 
behavior  of  a  cylinder  machined  from  a  plain,  low-carbon  steel  such  as  SAE 
1015  with  an  initial  hardness  of  about  Rb  78  to  Rb  85,  and  art  ultimate  strength 
of  about  65,000  to  70,000  psi.  The  details  of  early  behavior  are  taken  from 
Cordin  camera  records. 


PHASE  1  —  ELASTIC-PLASTIC  EXPANSION 


For  a  representative  cross-sectional  slice  of  the  warhead  case,  Phase  1 
starts  when  the  detonation  front  passes  this  location  in  the  warhead  case  and 
the  case  shows  the  first  sign  of  radial  expansion.  This  initial  phase  represents 
elastic-plastic  expansion  (mostly  plastic)  of  the  warhead  case.  During  the 
expansion  process  of  this  phase  the  case  remains  complete  without  the  visible 
presence  of  any  fracture;  that  is,  the  cylinder  expands  to  its  limiting  condition 
prior  to  the  first  sign  of  fracture. 

This  phase  comes  to  an  end  when  the  first  sign  of  fracture  appears  on  the 
outer  surface  of  the  cylinder  or  case.  These  fractures  first  appear  as  hairline 
markings  oriented  in  the  axial  direction.  When  viewed  with  a  high-speed  fram¬ 
ing  camera,  a  small  number  of  these  initial  fractures  will  first  appear  in  the  same 
time  frame  and  will  be  spaced  roughly  equidistant  around  the  cylinder.  As  pre¬ 
viously  mentioned,  a  typical  framing  rate  for  this  type  of  study  might  be  333,000 
frames  per  second  where  one  Interframe  time  is  3  microseconds.  In  Phase  2 
these  initial  hairline  fractures  become  the  major  fractures  in  the  continuous 
growth  of  a  complex  fracture  system. 


PHASE  2  —  CONTINUING  PLASTIC  EXPANSION 
WITH  OPENING  FRACTURES 


During  Phase  2  the  cylinder  or  case  continues  expanding  in  the  plastic 
condition.  At  the  same  time,  additional  axially  oriented  fractures  appear  on  the 
outside  surface  of  the  cylinder.  All  such  fractures  first  appear  as  hairline  mark¬ 
ings,  and  then  follow  a  growth  pattern  in  which  they  both  lengthen  and  open  up, 
i.e.,  widen  in  the  circumferential  direction,  as  they  extend  inward  toward  the 
inner  surface.  During  this  growth  phase  the  surface  fractures  take  on  the 
characteristic  appearance  of  a  relatively  narrow  ellipse  with  sharp  ends.  The 
center  of  the  ellipse  continuously  widens  during  this  phase. 

Phase  2  ends  for  quantitative  viewing  purposes  when  the  detonation 
products  appear  in  the  mouth  of  the  fracture.  At  this  time,  the  products  within  the 
mouth  of  the  fracture  appear  as  a  smooth,  dark  surface  not  unlike  the  surface  of 
a  bubble,  or  a  portion  of  a  balloon  just  starting  to  protrude  through  an  opening. 
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The  major  fractures  have  now  propagated  completely  through  the  cylinder  wall. 
The  first  fractures  to  show  the  presence  of  the  detonation  products  are  also  the 
largest  and  most  prominent  fractures  in  the  field  of  view.  They  also  tend  to  be 
the  same  fractures  whose  appearance  concluded  the  Phase  1  behavior. 


PHASE  3  —  THE  FRAGMENTATION  PROCESS  WITHIN 
THE  DETONATION  PRODUCTS  CLOUD 


Warhead  case  behavior  in  Phase  3  is  mostly  obscured  by  the  presence 
of  the  detonation  products  which  emanated  through  the  cylinder  wall.  A  quanti¬ 
tative  understanding  of  this  process  would  require  a  study  using  flash  radio- 
graphic  techniques.  However,  even  without  such  studies  it  is  possible  to 
describe  the  behavior  in  the  qualitative  sense. 

The  expansion  process  of  Phase  2  continues  into  Phase  3.  At  this  time, 
the  velocity  of  the  detonation  products  issuing  from  the  fractures  is  greater  than 
the  radial  velocity  of  the  case  so  that  obscuration  develops  rapidly  and  continu¬ 
ously  increases  into  the  form  of  an  expanding  cloud  of  detonation  products 
which  surrounds  the  warhead  case. 

Under  the  continuing  expansion  of  the  case  each  fracture  continues  to 
lengthen  and  widen  but  on  a  much  greater  scale  than  in  Phase  2.  This  expand¬ 
ing  fracture  system  undergoes  a  considerable  amount  of  cross  linkage  which 
initially  ties  the  major  pieces  together.  At  this  time  the  fragment  components  are 
quite  narrow  compared  to  their  lengths,  and  they  may  involve  numerous 
instances  of  bifurcation  which  are  involved  in  the  cross  linkage  aspects  of  the 
expansion.  The  overall  appearance  may  be  somewhat  like  that  of  an  expand¬ 
ing  latticework  oriented  in  the  axial  direction.  The  separation  of  these  cross 
linkages  produces  a  number  of  long,  narrow,  discrete  fragments  in  the  major 
portion  of  the  warhead  case.  It  is  expected  that  the  more  ductile  materials  will 
show  the  above  behavior  the  most.  The  more  brittle  materials  should  show  less 
of  this  cross  linkage  effect,  with  the  major  fragments  separating  more  quickly. 
End  effects  may  already  have  produced  smaller  fragments  at  both  ends  of  the 
cylinder. 

Even  after  the  formation  of  these  long,  narrow  fragments  the  fragmenta¬ 
tion  process  may  still  continue  for  some  period  of  time,  but  in  a  different  manner. 
As  these  long  fragments  are  projected  outward,  the  relative  motions  of  the  frag¬ 
ment  elements  which  relate  to  relative  axial  particle  velocities  along  the  frag¬ 
ment  length,  tend  to  reduce  the  initially  long  fragment  Into  a  number  of  shorter 
pieces.  This  part  of  the  fragmentation  process  can  be  substantially  influenced 
by  the  geometry  of  the  initiation  system.  A  treatment  of  this  latter  topic  is  pre¬ 
sented  in  Reference  7. 
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The  expansion  velocity  of  the  products  cloud  begins  to  slow  down  while 
the  metal  velocities  are  maintained,  so  that  at  some  point  in  time  The  fragments 
emerge  from  the  cloud,  thus  completing  Phase  3.  It  should  be  noted  that  at  the 
end  of  Phase  3  the  products  cloud  may  still  be  expanding,  but  not  fast  enough 
to  contain  the  fragments. 


PHASE  4  —  DISCRETE  FRAGMENTS  IN  TERMINAL  FLIGHT 


This  phase  starts  with  the  emergence  of  the  fragments  from  the  detona¬ 
tion  products  cloud  and  continues  until  the  fragments  engage  the  target,  or 
come  to  rest  by  some  other  means  —  or  it  may  be  considered  as  ended  merely 
when  the  fragments  pass  from  the  useful  zone  of  consideration.  There  is  some 
thought  that  the  final  phase  of  the  fragmentation  process,  that  part  in  which 
major  fragments  are  being  reduced  to  several  shorter  pieces  in  the  axial 
direction,  may  still  be  taking  place  In  the  early  part  of  Phase  4. 


BEHAVIORAL  SUMMARY 


Figure  1  shows  a  series  of  four  pictures  taken  from  a  Cordin  camera 
sequence  for  a  plain  wall  cylinder  of  SAE  1015  steel  detonated  at  normal 
temperature.  The  pictures  show  the  expanding  cylinder  at  about  jO,  36,  42,  and 
48  microseconds  after  the  start  of  detonation.  Pictures  such  as  these,  in 
complete  26  frame  sequences,  were  the  basis  for  establishing  cylinder  behavior 
during  Phases  1  and  2  and  the  early  behavior  during  the  start  of  Phase  3.  Other 
examples  of  high-speed  photography,  similar  to  Figure  1,  which  show  the 
effects  of  inner  surface  shear-control  grids  and  low  temperatures,  are  presented 
in  Reference  5. 

The  sketches  of  Figure  2  show  the  cross  section  of  an  expanding  cylinder 
with  the  identifying  features  indicated  for  the  start  of  each  of  the  four  phases. 
The  model  shown  is  for  the  behavior  of  a  ductile  steel  cylinder  which  fractures 
completely  in  shear  and  matches  the  behavior  of  the  cylinder  shown  in  Figure  1. 
The  sketches  do  not  take  into  account  any  dimensional  changes  in  the  diameter 
and  wall  thickness  of  the  cylinder  which  occur  during  the  expansion  process. 
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42  nsec  48  nsec 

FIGURE  1.  Behavior  of  Plain  Wall  Cylinder  (+80°F)  at  About  30,  36,  42, 
and  48  Microseconds  After  the  Start  of  Detonation. 
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START  OF  PHASE  I 
RADIAL  EXPANSION  BEGINS 


START  OF  PHASE  2 
HAIRLINE  FRACTURES  FIRST 
APPEAR  ON  OUTER  SURFACE 


START  OF  PHASE  3 
DETONATION  PRODUCTS  START 
TO  EMANATE  FROM  FRACTURES 


FRAGMENTS 


DETONATION  PRODUCTS  CLOUD 


FIGURE  2.  Cross-Sectional  Sketches  of  an  Expanding  Cylinder  Which  Identify 
the  Start  of  Each  of  the  Four  Phases. 
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REPRESENTATIVE  EXAMPLES  OF  BEHAVIORAL  MODE 
GENERAL 


The  discussion  in  this  section  is  an  effort  to  compare  the  Phase  1  and 
Phase  2  behavior  of  cylinders  which  fracture  completely  in  shear  with  cylinders 
which  fracture  in  a  combined  tensile-shear  mode.  Data  were  available  for  cylin¬ 
ders  of  SAE  1015  steel  which  were  fired  when  the  loaded  cylinders  were  at 
three  different  temperatures:  normal  (about  80°F),  -60°F,  and  -110°F 
(References  5  and  6).  All  of  these  cylinders  used  the  standard  test  cylinder 
design  previously  given.  The  C/M  ratios  for  the  three  cylinders  were  0.85,  0.86, 
and  0.88,  respectively.  Chilling  methods,  chilling  times,  and  temperature 
monitoring  techniques  for  the  loaded  cylinders  used  for  these  studies  are 
described  in  Reference  3. 

Fracture  behavior  was  affected  by  temperature  in  the  following  manner 
(Reference  3).  The  cylinder  fired  at  normal  temperature  fractured  in  the  typical 
all-shear  fracture  mode.  The  two  low  temperature  firings  both  fractured  in  the 
combined  tensile-shear  mode.  For  the  -60°F  test  the  outer  tensile  portion  had 
an  average  depth  inward  from  the  outer  surface  of  25  percent  of  the  fragment 
thickness,  with  the  inner  75  percent  of  the  wall  fracturing  in  shear.  For  the  -110°F 
test  the  corresponding  average  values  were  35  percent  in  tension  and  65 
percent  in  shear.  Sketches  of  typical  fracture  formation  in  cylinder  cross 
sections  for  these  three  behavioral  modes  are  shown  in  Figure  3.  A  comparison 
of  cylinder  behavior  for  the  normal  temperature  and  -1 10°F  temperature  test  as 
taken  from  Cordin  camera  records  is  given  In  the  following  sections. 


SHEAR  FRACTURE  BEHAVIOR 


The  typical  behavior  for  a  plain  wall  cylinder  of  SAE  1015  steel  fired  at 
normal  temperature  (about  80°F)  was  as  follows.  As  the  detonation  front 
passed  a  given  section  of  cylinder,  the  wall  began  to  move  outward  (start  of 
Phase  1).  When  that  section  had  increased  about  18  to  20  percent  on  the  out¬ 
side  diameter,  shear  fractures  first  appeared  on  the  outside  surface  (start  of 
Phase  2)  and  then  propagated  inward  through  the  wail  of  the  cylinder.  Starting 
as  axially-oriented  hairline  fractures,  with  successive  frames  these  fractures 
increased  in  number,  and  each  fracture  grew  in  length  and  width  until  It  became 
obscured  by  the  products  emerging  from  the  mouth  of  the  fracture.  Detonation 
products  first  appeared  in  the  fracture  opening  when  the  case  section  had 
Increased  about  60  percent  total  on  the  diameter  (start  of  Phase  3). 
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FIGURE  3.  Fracture  Patterns  in  Cylinder  Walls  for  (A)  +80°F, 
(B)  -60°F,  and  (C)  -110°F. 
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Time  durations  for  Phases  1  and  2  were  as  follows.  From  the  first  sign  of 
case  expansion  to  the  first  sign  of  fracture  took  about  9  microseconds.  This  was 
the  time  duration  of  Phase  1.  Detonation  products  first  appeared  15  to  18 
microseconds  after  the  appearance  of  the  first  fractures.  This  was  the  time 
duration  of  Phase  2.  Thus,  Phase  3  started  at  24  to  27  microseconds  after  the 
first  sign  of  case  expansion. 

Table  1  lists  fracture  dimensions  for  the  early  growth  of  three  prominent 
shear  fractures  visible  on  the  outer  surface  of  the  cylinder  during  the  Phase  2 
period.  These  fractures  were  located  at  distances  of  about  2  1/4,  5,  and  8 
inches  from  the  detonator  end.  Starting  as  an  axially-oriented  hairline  crack, 
each  fracture  grew  with  a  narrow  elliptical  shape  which  had  fairly  sharp  ends. 
The  table  shows  the  initial  length  and  width  for  each  fracture  as  it  first  appeared, 
and  the  fracture  dimensions  at  the  time  that  detonation  products  began 
emerging  from  the  fracture,  thus  covering  fracture  growth  during  Phase  2,  a  time 
period  which  lasted  15  to  18  microseconds.  This  type  of  fracture  growth 
behavior  can  be  seen  by  following  specific  fractures  In  the  pictures  of  Figure  1 . 
Additional  growth  of  the  fractures,  and  the  subsequent  joining  of  the  fractures  to 
form  discrete  fragments,  events  which  occurred  In  Phase  3,  were  obscured  by 
the  detonation  products.  Figure  4  shows  the  cross  section  ol  a  fragment 
recovered  from  a  normal  temperature  test  of  the  type  discussed  here.  Both 
sides  of  the  fragment  are  the  result  of  full  shear  fractures,  and  the  cross  section 
of  the  fragment  indicates  fully  ductile  behavior. 


TABLE  1.  Growth  of  Surface  Fractures  During  Phase  2. 


Distance  from 
detonator  end, 
in. 

Start  of  Phase  2 

End  of  Phase  2 

Length, 

In. 

Width, 

in. 

Length, 

in. 

Width, 

in. 

2  1/4 

5/8 

Hairline 

1 

3/16 

5 

3/8 

Hairline 

1  1/8 

3/16 

8 

9/16 

Hairline 

1  3/16 

5/32 

4 
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FIGURE  4.  Cross  Section  of  Fragment  From  Normal  Temperature(+80°F) 
Cylinder  Showing  All-Shear  Fracture  Behavior.  Inner  surface  at  bottom 
of  picture. 


COMBINED  TENSILE-SHEAR  FRACTURE  BEHAVIOR 


For  a  plain  wall  cylinder  of  SAE  1015  steel  tested  at  about  -110°F,  the 
fracture  behavior  was  influenced  by  the  presence  of  an  outer  tensile  layer  which 
extended  inward  from  the  outside  surface  for  an  average  depth  equal  to  about 
35  percent  of  the  fragment  thickness.  The  fractures  formed  in  this  outer  35  per¬ 
cent  zone  were  all  tensile  fractures.  The  fractures  formed  in  the  inner  65  per¬ 
cent  ductile  portion  of  the  wall  were  all  shear  fractures.  Those  fractures  which 
extended  completely  through  the  wall  were  a  combination  of  tensile  and  shear 
types. 

The  axially-oriented  hairline  fractures  which  first  appeared  on  the  outer 
surface  of  the  cylinder  (start  of  Phase  2)  at  about  20  percent  increase  on  the 
diameter  were  all  tensile  breaks.  Detonation  products  began  to  emerge  from 
the  fracture  openings  at  about  65  percent  total  increase  on  the  diameter  (start  of 
Phase  3).  Corresponding  times  were  again  approximately  9  microseconds  from 
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the  start  of  metal  displacement  to  first  fracture  (Phase  1),  and  about  18 
microseconds  additional  to  the  first  sign  of  detonation  products  visible  In  the 
mouth  of  the  fracture  (Phase  2). 

The  surface  fractures  which  initially  formed  in  any  given  section  of  the 
low  temperature  cylinder  were  far  greater  in  number,  and  individually  less  dis¬ 
tinct  than  for  the  normal  temperature  cylinder  which  showed  all  shear  fractures. 
While  the  shear  fractures  which  formed  at  normal  temperature  grew  in  length  as 
individual,  rather  easy-to-follow  fractures  during  Phase  2,  the  low  temperature 
tensile  fractures  grew  as  an  overall  Interacting  field  through  the  extensive  and 
hard-to-follow  linking  together  of  many  short  sections.  Meaningful  measure¬ 
ments  of  individual  fracture  growth  during  Phase  2  were  not  obtainable.  The 
size  of  the  major  fragments,  however,  was  determined  by  the  shear  fractures 
which  formed  in  the  inner  portion  of  the  cylinder  wall  and  linked  up  with  corre¬ 
sponding  tensile  breaks  in  the  outer  layer.  This  can  be  seen  in  Figure  5,  which 
shows  the  cross  section  of  a  fragment  from  a  low  temperature  (-1 1 0°F)  test.  The 
ductile  and  brittle  zones,  and  the  associated  shear  and  tensile  fractures,  are 
clearly  evident.  The  left  and  right  sides  of  the  fragment  are  the  result  of  com¬ 
bined  tensile-shear  fractures. 


FIGURE  5,  Cross  Section  of  Fragment  From  Low  Temperature  (-1 1 0°F) 
Cylinder  Showing  Combined  Tensile-Shear  Fracture  Behavior.  Inner 
surface  at  bottom  of  picture. 
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Table  2  compares  the  time  durations  and  diametral  increases  during 
Phases  1  and  2  for  the  all-shear  fracture  behavior  (normal  temperature)  and  the 
combined  tensile-shear  fracture  behavior  (-110°F).  The  results  are  strikingly 
similar,  based  on  equal  framing  rates  of  333,000  frames  per  second  for  both 
studies. 


TABLE  2.  Cylinder  Data  for  Phases  1  and  2. 


Phase  1 

Phase  2 

Total 

Loaded 

cylinder 

temp., 

°F 

Fracture 

type 

Duration, 

psec 

Diametral 

expansion, 

% 

Duration, 

psec 

Diametral 

expansion, 

% 

Duration, 

psec 

Diametral 

expansion, 

% 

80 

All-shear 

9 

20 

15-18 

40 

24-27 

60 

-110 

Combined 

tensile- 

shear 

9 

20 

18 

45 

27 

65 

ADDITIONAL  THOUGHTS  ON  CASE  EXPANSION 


Probably  the  first  detailed  discussion  of  steel  cylinder  expansion  behav¬ 
ior  was  given  by  Taylor  in  1944  (References  8  and  9).  This  was  based  on  some 
high-speed  photographic  work  attributed  to  D.  P.  MacDougall  and  G.  H. 
Messerly  who  used  flash  photography  with  an  exposure  time  of  the  order  of  1 
microsecond  (Reference  8)  to  view  the  expansion  of  steel  cylinders  loaded  with 
50/50  cast  pentolite.  Taylor's  data  were  based  on  the  study  of  three  different 
wall  thicknesses,  1/16, 1/8,  and  1/4  inch,  with  a  fixed  ID  of  1  1/2  inches.  Taylor's 
values,  based  on  the  use  of  reflection  photography  (Reference  9),  gave  the  first 
appearance  of  the  detonation  products  (end  of  Phase  2)  when  R2/R0  -  1.76  to 
2.0,  or  about  76  to  100  percent  expansion  of  the  cylinder. 

Stronge  (Reference  10)  generalizes  that  for  ductile  steel  cylinders  of 
about  the  size  given  earlier  in  this  report,  fracture  initiation  starts  at  the  outer 
surface  when  R1/R0  -  1.3,  or  about  30  percent  cylinder  expansion,  and  that  the 
detonation  products  appear  at  a  burst  radius  of  R2/R0  -  1 .7,  or  about  70  percent 
expansion. 

In  the  author's  studies  (Reference  5),  previously  described,  using  a 
Cordin  camera  to  study  the  behavior  of  plain,  ductile  steel  cylinders,  Phase  1 
ends  when  R1/R0  -  1.2,  or  20  percent  expansion,  and  Phase  2  ends  when  R2/R0 
-  1 .60  to  1 .65,  or  60  to  65  percent  expansion.  In  the  above  ratios  the  symbols 
R2,  Ri,  and  Rq  represent  the  outer  radius  of  the  cylinder  wall  at  the  end  of 
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Phase  2,  the  end  of  Phase  1,  and  in  the  original  undeformed  condition, 
respectively. 

Table  3  compares  the  data  from  these  different  sources  for  the  percent 
expansion  of  the  cylinder  at  the  end  of  Phase  2.  It  shows  that  for  experimental 
studies  spanning  a  period  of  45  years,  with  different  photographic  techniques, 
different  cylinder  sizes,  and  different  explosives,  the  expansion  values  are  sur¬ 
prisingly  similar. 


TABLE  3.  Cylinder  Expansion  at  tho  End  of  Phase  2. 


Source 

Expansion, 

% 

Reference 

Taylor  (low  range) 

76 

9 

Stronge 

70 

10 

Pearson  (high  range) 

65 

5 

In  comparing  data  from  different  sources  for  cylinder  expansion  at  the 
end  of  Phase  2,  an  additional  factor  needs  to  be  considered,  in  the  analysis  of 
photographic  records  for  establishing  the  end  of  Phase  2,  the  Investigator  can 
determine  the  end  condition  by  using  either  of  two  approaches.  These  are  (1 ) 
when  the  products  "bubble"  first  appears  fully  In  the  mouth  of  the  fracture  but  is 
not  yet  visible  in  the  cylinder  profile,  or  (2)  when  the  products  have  just  cleared 
the  surface  of  the  cylinder  and  are  first  visible  in  profile.  These  two  approaches 
are  currently  representative  of  studies  using  high-speed  framing  camera  or 
high-speed  streak  camera  techniques,  respectively.  In  earlier  studies  which 
used  single  frame  flash  photography  these  two  approaches  were  represented 
by  frontal  lighting  (reflection  photography)  or  back  lighting  (shadow 
photography),  respectively. 

The  author's  analysis  used  the  first  approach.  In  the  author's  studies  the 
difference  In  the  first  appearance  of  the  products,  l.e.,  frontal  viewing  versus 
profile  viewing,  was  represented  by  one  Interframe  (l.e.,  3  microseconds  or 
less).  This  one  frame  difference  had  the  effect  of  Increasing  the  expansion 
value  in  Table  3  from  65  percent  to  about  73  percent  and  represents  the 
expansion  range,  depending  on  which  analysis  approach  was  used  at  that 
framing  rate. 
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VELOCITY  MODE 


» 


* 


BACKGROUND 


In  1943  R.  W.  Gurney  of  the  Ballistics  Research  Laboratory  (BRL) 
published  a  report  (Reference  1 1 )  for  the  predicted  values  of  fragment  velocities 
from  explosively  filled  cylinders.  The  velocity  derivation  was  based  on  an 
energy  balance  in  which  a  cyiinder  of  infinite  length  is  filled  with  an  explosive  of 
uniform  density  which  is  axially  detonated  simultaneously  along  its  length.  The 
energy  released  by  the  detonating  explosive  is  equated  to  the  kinetic  energy  of 
the  case  and  the  detonation  products,  and  from  this  energy  balance  an 
expression  is  obtained  for  the  radial  velocity  of  the  case. 

The  Gurney  equation  takes  the  form 


.VzeT  SML 

'  h+0.5C 


5C/M. 


1/2 


where  Vq,  E,  C,  and  M  are  defined  as  the  initial  casing  velocity,  the  energy  con* 
tent  of  the  explosive,  the  explosive  mass,  and  the  casing  mass,  respectively. 

The  term  V2E  is  normally  referred  to  as  the  "Gurney  Constant."  The  value 
of  this  constant  varies  with  the  explosive  type  and  also  with  the  explosive 
density.  Values  for  this  constant  are  empirically  determined  and  can  be  found 
in  the  literature  for  a  wide  range  of  explosives  (References  12  through  15). 
Reference  15  includes  a  particularly  extensive  list.  Excellent  reviews  of  the 
Gurney  type  equations,  their  derivations  and  applications,  are  given  in 
References  12, 13, 14,  and  16. 


Since  this  radial  velocity  is  obtained  for  the  expanding  cyiinder  prior  to 
the  formation  of  any  fractures  and  before  any  release  fronts  can  occur,  it  is  typi¬ 
cally  referred  to  as  the  initial  case  velocity.  However,  Gurney  titled  his  report 
"The  Initial  Velocities  of  Fragments  from  Bombs,  Shells  and  Grenades,"  thus 
implying  that  the  initial  case  velocity  and  the  initial  fragment  velocity  were  the 
same.  This  interpretation  has  continued  for  several  decades,  with  numerous 
authors  using  the  two  terms  interchangeably,  frequently  within  the  same  para¬ 
graph.  However,  the  Gurney  derivation  does  not  take  into  account  any  accel¬ 
eration  phase  of  the  cyiinder  wall,  nor  any  velocity  behavioral  aspects  which 
may  be  related  to  the  fragmentation  process.  Thus,  one  approach  might  con¬ 
clude  that  the  derivation  of  the  Gurney  expression  might  conceivably  place  the 
velocity  value  at  the  end  of  Phase  1  in  the  behavioral  mode,  or  even  at  the  end 
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of  Phase  2  with  a  slightly  different  interpretation,  i.e.,  relation  to  fracture  initiation 
versus  relation  to  initial  products  release  through  fracture. 

Tayior  in  one  of  his  early  reports  written  for  the  British  Ministry  of  Supply 
in  1941  (Reference  17)  suggested  that  the  initial  fragment  velocity  might  be  the 
same  as  the  velocity  of  the  case  at  the  time  of  "burst."  From  the  study  of  other 
papers  by  Taylor  (References  8,  9,  and  18)  his  meaning  for  terms  such  as 
"burst,"  "bursting,"  "burst  point,"  and  "burst  ratio"  all  relate  to  the  instant  at  which 
the  detonation  products  first  appear  as  they  emanate  from  the  fractures  in  the 
case.  This  would  place  Taylor's  suggestion  regarding  the  initial  fragment 
velocity  to  the  case  velocity  at  the  end  of  Phase  2. 

Additionally,  several  other  velocity  interpretations  have  been  offered. 
Kinney  and  Graham  (Reference  19)  relate  the  Gurney  velocity  to  the  velocity  of 
the  casing  fragments  at  the  time  of  "break-up,"  which  could  be  interpreted  as 
either  the  burst  point  (end  of  Phase  2)  or  as  some  point  in  the  fragmentation 
process,  probably  in  the  early  part  of  Phase  3.  Kennedy  (Reference  13)  refers 
to  the  Gurney  model  as  one  developed  to  predict  the  terminal  velocity  of 
fragments,  which  would  place  It  in  Phase  4.  Stronge,  et  al  (Reference  10) 
considers  the  Gurney  velocity  as  the  upper  bound  on  the  speed  of  fragments 
that  can  be  achieved  from  the  case.  This  interpretation  by  Stronge  is  more  in 
agreement  with  the  approach  suggested  later  in  this  report.  It  is  also  an 
approach  which  may  best  place  the  Gurney  velocity  value  within  the  detonation 
products  cloud,  or  Phase  3.  Thus,  depending  on  the  Interpretation  of  various 
investigators,  the  use  of  the  Gurney  velocity  has  been  related  to  case  velocities 
at  the  end  of  either  Phase  1  or  Phase  2;  or  to  fragment  velocities  within  Phase  3 
or  Phase  4. 

The  Gurney  equation  has  been  applied  mainly  to  fragment  velocity 
studies  of  relatively  long  standoff  distances,  usually  for  distances  substantially 
beyond  the  limits  of  the  detonation  products  cloud.  As  Crabtree  and  Waggoner 
point  out  (Reference  14),  the  formulas  developed  by  Gurney  nearly  50  years 
ago  have  been  surprisingly  effective  and  useful  for  studies  involving  many 
different  explosives  and  over  a  wide  range  of  C/M  values.  Even  today,  if 
experimental  velocity  values  are  not  available,  the  first  thing  the  ordnance  engi¬ 
neer  reaches  for  is  the  Gurney  equation.  Also,  the  Gurney  approach  is  particu¬ 
larly  valuable  to  warhead  designers  by  providing  a  quick,  simple,  and  effective 
means  for  predicting  how  design  changes  which  affect  the  C/M  value,  or  a 
change  in  the  type  or  amount  of  explosive  toad,  can  affect  warhead  perfor¬ 
mance. 

It  is  of  historical  interest  to  note  that  both  Gurney  and  Taylor  worked,  in¬ 
dependently,  on  the  fragment  velocity  problem  in  the  early  days  of  World  War  II 
(WW  II).  Both  used  an  energy  balance  relation  as  the  basis  for  their  derivations. 
While  Taylor's  work  on  the  fragmentation  behavior  of  bombs  and  warheads 
(Reference  9)  has  been  used  as  the  basis  for  studies  regarding  the  stress  state 
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in  the  expanding  case  (tor  example,  see  Reference  20),  it  is  Gurney's  work  that 
has  been  most  often  referred  to  in  fragment  velocity  studies. 


EXPERIMENTAL  STUDIES 
Multi-Flash  Radiography 

Waggener  (Reference  21)  used  multi-flash  radiography  to  obtain  frag¬ 
ment  velocities  within  the  detonation  products  cloud.  For  example,  in  his 
studies  a  mild  steel  cylinder  with  a  small-diamond,  Inner  surface  grid  was 
loaded  with  Comp  C-3  explosive  and  single-point,  end  initiated.  The  cylinder 
was  76-mm  OD,  had  a  wall  thickness  of  2.54  mm,  and  an  L/D  value  of  1 .25.  The 
C/M  value  for  the  loaded  cylinder  was  1 .42. 

Velocity  measurements  were  based  on  fragment  positions  at  two  different 
times,  between  130  and  450  microseconds  after  Initiation,  which  should  place 
the  fragment  measurements  well  within  the  detonation  products  cloud.  The 
maximum  fragment  velocity  obtained  from  the  velocity  profile  occurred  at  a 
location  at  about  L/2,  and  was  approximately  95  percent  of  the  calculated 
Gurney  velocity  for  that  cylinder. 

Cordin  Camera  Measurements 

The  same  Cordin  camera  records  which  were  used  to  obtain  an  under¬ 
standing  of  the  early  stages  of  the  case  expansion  and  fragmentation  process 
can  also  be  used  to  estimate  case  velocities  in  Phases  1  and  2  of  the 
behavioral  process.  The  problem  that  arises  from  this  approach  is  the  possible 
experimental  error  which  can  exist  when  comparing  a  sequence  of  pictures, 
each  having  an  effective  exposure  time  of  about  3/4  microsecond  when  the 
interframe  time  is  only  3  microseconds.  The  possible  motion  which  can  occur 
during  the  exposure  time  is  about  25  percent  of  the  motion  which  occurs  during 
the  Interframe  time.  However,  by  projecting  the  35-mm  frames  onto  the  glass 
screen  of  a  large  back-surface  analyzer  and  by  using  a  standard  procedure  for 
obtaining  diametral  measurements  from  the  images,  approximate  values  of 
case  velocity  can  be  obtained. 

More  precise  values  of  case  velocity  could  be  obtained  using  high-speed 
streak  camera  photography.  Perhaps  the  ideal  approach  would  be  to  coordi¬ 
nate  both  (a)  high-speed  framing  camera  photography  and  (b)  high-speed 
streak  camera  photography  of  the  same  event  so  as  to  relate  both  the  physical 
behavior  from  (a)  with  the  velocity  behavior  from  (b).  This  has  not  been  done. 
The  following  example  is  based  on  velocity  measurements  taken  from  the 
projected  images  of  Cordin  camera  frames  for  Phases  1  and  2  and  the  use  of 
data  from  other  sources  for  Phases  3  and  4. 
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Du©  to  end  losses  in  a  cylinder  of  finite  length,  the  Gurney  equation 
relates  best  to  the  central  portion  of  cylinders  with  L/D  of  two  or  greater,  where  D 
is  taken  as  the  inside  diameter  of  the  cylinder  (Reference  14).  In  the  velocity 
examples  for  Phases  1  and  2  given  in  this  report,  case  velocity  values  are 
representative  of  the  center  portion  of  the  cylinder  In  the  region  near  L/2. 


REPRESENTATIVE  EXAMPLES  OF  THE  VELOCITY  MODE 


Shear  Fracture  Behavior 

Velocity-distance  data  for  two  cylinders  of  SAE  1015  steel  were  obtained 
from  the  types  of  tests  previously  described.  One  of  the  cylinders  provided  Zone 
4  velocity  data  which  were  obtained  from  an  arena  test  using  split-frame  Fastax 
cameras  to  determine  fragment  velocities  (Reference  1).  Data  for  Zones  1  and 
2  were  obtained  from  the  second  cylinder  using  a  Cordin  camera  and 
represents  behavior  at  a  location  5  Inches  from  the  detonator  end,  or  at  L/2. 
Velocity  data  for  Zone  3  were  based  on  the  Gurney  value  for  these  cylinders. 
The  term  Vr  is  used  in  the  general  sense  to  indicate  a  representative  velocity 
for  an  unspecified  zorfe.  When  a  representative  velocity  relates  to  a  specific 
zone  it  is  given  as  Vi ,  V2,  V3,  or  V4. 

Both  cylinders  were  5-in.  OD  x  4  1/2-in.  ID  x  10-in.  long,  loaded  with 
Comp  C-3  explosive,  and  single-point  end  initiated.  Both  cylinders  had  plain 
walls  and  correspond  to  the  shear  fracture  behavior  example  previously 
discussed.  Each  of  the  loaded  cylinders  had  a  C/M  value  of  about  0.85  and  a 
calculated  Gurney  velocity  of  about  6,800  ft/sec. 

The  velocities  taken  from  the  Cordin  camera  records  for  Zones  1  and  2 
are  representative  values  for  these  zones  or  phases.  These  velocity  values 
were  obtained  by  using  a  straight  line  fit  through  the  diametral  measurements 
given  as  a  function  of  time  for  the  two  phases.  This  procedure  always  provided 
a  natural  break,  or  point  of  Intersection,  in  the  velocity  lines  at  a  point  in  the  plot 
which  correlated  with  the  onset  of  fracture  at  the  outer  surface  of  the  cylinder 
(l.e.,  end  of  Phase  1). 

To  determine  the  Gurney  velocity  the  Gurney  constant,  V2E,  was  taken 
as  8,800  ft/sec  for  Comp  C-3  explosive  (References  13,  15,  and  21).  If  the  95 
percent  value  obtained  by  Waggener  (Reference  21)  also  applies  to  plain  wall 
cylinders,  then  V3  for  the  two  cylinders  considered  here  would  be  about  6,450 
ft/sec.  It  may  be  more  realistic  to  say  that  V3  is  somewhere  between  6,450  and 
6,800  ft/sec,  using  Stronge's  approach  (Reference  10)  that  the  Gurney  velocity 
represents  the  upper  bound  for  the  fragment  velocity.  The  representative  value 
for  Zone  4  was  taken  as  the  fragment  velocity  averaged  over  20  feet  from 
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warhead  to  target  (Reference  1).  The  Zone  4  velocity  values  are  based  on  the 
arrival  of  the  first  "family"  of  fragments  at  the  targets,  rather  than  the  few 
precursor  fragments  which  frequently  occur  and  which  may  have  a  velocity 
some  3  to  5  percent  higher. 

One  approach  for  establishing  reference  velocities  for  each  zone  is  to 
assume  that  the  Gurney  velocity  either  exists  or  is  very  closely  approached  in 
Zone  3,  and  relate  the  velocities  in  Zones  1,  2,  and  4  as  some  fraction  of  the 
Gurney  velocity. 


Thus,  for  Zone  1 , 

Vi  -  Pi  VG  ; 

Zone  2, 

V2  p2  Vg  ; 

Zone  3, 

V3  b  P3  Vgi  or  V3  * 

Zone  4, 

v4  -  p4  Vg; 

Vq  ;  and 


where  the  velocity  constants  pi,  p2,  P3,  and  p4  are  experimentally  determined. 


Table  4  gives  the  representative  zone  velocity  values  obtained  by  the 
above  approach  and  also  lists  each  value  as  a  percent  of  the  Gurney  velocity. 


TABLE  4.  Representative  Velocities  for  Zones  1  to  4. 


(Shear  Fracture  Behavior) 


Zone 

no. 

Representative 
velocity,  Vr, 
ft/sec 

Percent  of  Gurney 
velocity, 

Vr/Vg 

1 

4,100 

60 

2 

5,400 

80 

3 

6,450-6,800 

95-100 

4 

6,200 

91 

Combined  Tensile-Shear  Fracture  Behavior 

Behavior  for  the  cylinders  described  here  corresponds  to  the  combined 
tensile-shear  fracture  example  previously  discussed  for  plain  wall  cylinders. 
The  velocity  data  were  obtained  in  the  same  way  as  described  In  the  previous 
section. 
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Two  cylinders  of  SAE  1015  steel  loaded  with  Comp  C-3  explosive  were 
pre-chilled  to  about  -110°F  and  detonated.  One  of  these  cylinders  provided 
Zone  4  velocity  data  which  were  obtained  from  Fastax  camera  records  taken 
from  an  arena  test  in  which  the  distance  from  warhead  to  target  was  20  feet 
(Reference  3).  Behavior  of  the  second  cylinder  was  studied  by  means  of  high 
speed  photography  as  previously  described.  Velocity  values  for  Zones  1  and  2 
were  again  determined  using  straight  line  fits  of  diametral  measurements  of  the 
expanding  case.  The  location  studied  was  5.1  inches  from  the  detonator  end, 
essentially  at  L/2.  Velocity  data  for  Zone  3  were  again  based  on  the  Gurney 
values  for  these  cylinders. 

Both  cylinders  were  5-in.  OD  x  4  1/2-in.  ID  x  10-in.  long,  as  in  all  of  the 
previous  tests.  When  loaded  with  Comp  C-3  explosive  the  cylinders  had  C/M 
values  of  0.88  for  the  arena  test  and  0.86  for  the  Cordin  camera  study. 
Corresponding  Gurney  velocity  values  were  about  6,880  ft/sec  and  6,820  ft/sec, 
respectively,  with  an  average  value  of  6,850  ft/sec,  which  was  used  as  the 
upper  limit  for  Zone  3. 

Table  5  gives  the  representative  zone  velocity  values  which  were  all 
obtained  in  the  same  manner  as  for  Table  4. 


TABLE  5.  Representative  Velocities  for  Zones  1  to  4. 
(Combined  Tensile-Shear  Fracture  Behavior) 


Zone 

no. 

Representative 
velocity,  Vr, 
ft/sec 

Percent  of  Gurney 
velocity, 

Vr/Vq 

1 

4,200 

61 

2 

5,500 

80 

3 

6,500-6,850 

95-100 

4 

6,150 

90 

The  velocity  ratio  values.  Vr/Vg,  given  In  Tables  4  and  5  are  almost 
identical  for  corresponding  zones.  For  the  four  tests  upon  which  the  velocity 
values  of  these  two  tables  are  based,  there  are  both  marked  differences  and 
marked  similarities.  Large  differences  were  present  in  the  temperatures  of  the 
loaded  test  cylinders  and  in  the  related  brittleness/ductility  ratios  of  fracture. 
However,  the  C/M  values  were  extremely  close,  with  an  overall  spread  of  only 
0.85  to  0.38,  and  the  same  explosive  was  used  in  all  tests. 
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From  the  data  presented  in  Tables  4  and  5  the  velocity  results  of  these 
four  tests  all  fit  the  following  general  patterns. 

Vi  -  0.6  VG 
V2  -  0.8  VG 
V3  -  0.95  Vg  to  1.0  Vq 
V4  -  0.9  Vq 

It  is  not  known  how  well  these  ratio  patterns  would  apply  to  warheads  of  differ¬ 
ent  dimensional  sizes  or  to  those  loaded  with  different  explosives.  However, 
since  both  of  the  most  important  velocity  parameters,  i.e.,  the  C/M  ratio  and  the 
Gurney  constant,  are  accounted  for  in  the  Vg  value,  these  ratio  patterns  should 
provide  simple  velocity  estimates,  or  at  least  serve  as  a  point  from  which  to  start 
a  velocity  determination. 


PUTTING  IT  ALL  TOGETHER 


GENERAL  MODEL 


Figure  6  shows  a  way  of  presenting  the  fragmentation  model  by  combin¬ 
ing  the  fragmentation  mode  and  the  velocity  mode  into  a  general  spectrum  of 
behavior.  Points  A,  B,  C,  D,  and  E  represent  the  start  and  end  points  for  both 
the  behavioral  phases  and  the  velocity  zones.  The  horizontal  axis  represents 
both  time  and  distance.  The  velocity  values  for  Zones  1  through  4  are  represen¬ 
tative  values  for  each  zone,  which  are  obtained  as  previously  described.  End 
conditions  for  each  of  the  zones  or  phases  are  experimentally  established,  as 
discussed  in  the  Behavioral  Mode  section  of  this  report.. 


25 


NWC  TP  7124 


ABODE 


PHASE  1 
BEHAVIOR 


PHASE  2 
BEHAVIOR 


PHASE  3 
BEHAVIOR 


PHASE  4 
BEHAVIOR 


TIME  - ► 

DISTANCE  - +* 

A  •  First  radial  motion  of  case  section. 

B  -  First  sign  of  fracture  on  outer  surface. 

C  •  First  sign  of  detonation  products  from  fractures. 

D  -  Fragments  leave  the  detonation  products  cloud. 

E  -  Target. 

Phase  1  -  Elastic-plastic  expansion  (no  fractures). 

Phase  2  -  Growth  of  fracture  system  prior  to  appearance  of  products. 

Plastic  expansion  with  opening  fractures  (no  products). 
Phase  3  -  Continued  case  expansion  in  early  phase,  followed  by  major 
fragmentation  process  occurring  in  the  detonation  products 
cloud. 

Phase  4  -  Terminal  flight  of  fragments. 


FIGURE  6.  Fragmentation  Model  Spectrum  of  Behavior. 
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SPECIFIC  EXAMPLES  OF  THE  FRAGMENTATION  MODEL 


Plain  Wall  Cylinder  With  All-Shear  Fracture 

By  combining  quantitative  data  previously  presented  for  both  the  behav¬ 
ioral  and  velocity  modes,  full  representation  can  be  obtained  for  specific  test 
cylinders  previously  discussed.  For  example,  Figure  7  gives  the  fragmentation 
model  for  a  plain  wall  cylinder  of  SAE  1015  steel  which  fractured  completely  in 
shear  when  tested  at  normal  temperature.  The  early  time  and  distance  values 
for  points  A,  B,  and  C  were  obtained  from  Cordin  camera  records  (Reference  5). 
Values  are  based  on  the  3-microsecond  interframe  times.  No  attempt  was 
made  to  interpolate  between  frames.  Data  for  point  E  were  taken  from  results  of 
arena  tests  (Reference  1 ). 

Time  and  distance  data  for  point  D  could  not  be  determined  from  the 
experimental  results  available.  However,  theoretical  guides  given  by  Kinney 
(Reference  22)  can  be  used  for  estimating  the  limiting  distance  for  the  forward 
motion  of  the  detonation  products.  Time  and  distance  values  given  for  point  D 
in  Figure  6  are  based  on  this  approach.  Since  it  is  expected  that  the  fragments 
leave  the  products  cloud  prior  to  Its  achieving  maximum  size,  these  numbers 
represent  limiting  conditions. 

The  distance  values  for  points  A,  B,  C,  and  D  are  all  given  in  terms  of  the 
original  outer  radius  of  the  cylinder,  Ro,  since  these  distances  are  a  function  of 
cylinder  size,  in  this  case  2.5  inches.  The  distance  for  point  E  Is  given  in  feet 
since  the  distance  from  warhead  to  target  is  a  fixed  distance,  in  this  case  repre¬ 
sentative  of  the  arena  size.  Time  values  for  points  B  and  C  are  given  in 
microseconds,  and  for  points  D  and  E  in  milliseconds. 

Velocity  values  for  each  zone  were  obtained  as  previously  described. 
Values  for  Vi  and  V2  are  straight  line  approximations  taken  from  sequential 
diametral  case  measurements  taken  from  Cordin  camera  records.  The  value  for 
V3  is  based  on  the  Gurney  velocity  for  the  cylinder,  and  V4  is  the  averaged  frag¬ 
ment  velocity  (V20)  taken  from  Fastax  camera  records  of  arena  tests. 

The  physical  nature  of  the  warhead  case  or  resulting  fragments  can  be 
estimated  for  each  of  the  four  zones  from  the  earlier  discussion  regarding  the 
behavioral  mode  of  the  case.  Each  phase  of  behavior  relates  to  the  similarly 
numbered  velocity  zone,  i.e.,  Phase  1  relates  to  Zone  1. 

The  terminal  nature  of  the  fragments  is  presented  In  Figures  8  and  9. 
Figure  8  shows  a  representative  fragment  grouping  for  this  example.  The  frag¬ 
ments  were  recovered  from  Celotex  modules  In  a  20-foot  radius  arena  and 
represent  the  end  condition  of  the  original  cylinder  at  Point  E  in  Figure  7.  Figure 
9  shows  the  corresponding  fragment  mass-distribution  plot,  or  fragmentation 
signature,  for  this  example. 
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FIGURE  8.  Fragments  From  All-Shear  Fracture  Example. 
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Plain  Wall  Cylinder  With  Combined  Tensile-Shear  Fracture 

Figure  10  represents  a  similar  fragmentation  model  for  a  plain  wall 
cylinder  of  SAE  1015  steel  where  combined  tensile-shear  fracture  behavior  was 
achieved  by  pre-chilling  the  loaded  cylinder  to  an  overall  stable  temperature  of 
about  -110°F.  All  of  the  data  were  obtained  in  the  manner  described  for  the 
previous  example.  Data  for  point  E  were  taken  from  the  results  of  20-foot  arena 
tests  (Reference  3). 

Again,  the  physical  nature  of  the  warhead  case  or  the  resulting  fragments 
for  each  of  the  four  zones  can  be  estimated  from  the  behavioral  mode  of  the 
cylinder.  However,  for  this  example  the  presence  of  an  outer  tensile  portion  of 
the  cylinder  wall  needs  to  be  considered.  In  general,  the  effect  of  the  tensile 
skin  Is  to  increase  the  number  of  outer  layer  fractures  which  occur  in  Phase  2,  a 
condition  which  continues  into  Phase  3  (References  3  and  5).  This  behavior 
needs  to  be  superimposed  on  the  descriptive  behavior  previously  presented  for 
the  all-shear  fracture  example. 

The  overall  effect  from  this  type  of  behavior  is  to  produce  somewhat 
smaller  and  more  numerous  fragments.  This  can  be  seen  from  the  terminal 
nature  of  the  fragments  presented  in  Figures  11  and  12.  Figure  11  shows  a 
representative  grouping  of  fragments  for  this  example.  Recovered  from  Celotex 
modules  in  a  20-foot  radius  arena,  they  represent  the  end  condition  of  the 
cylinder  at  Point  E  in  Figure  10.  Figure  12  shows  the  corresponding  fragment 
mass-distribution  plot  for  this  example.  A  comparison  of  the  fragment  mass- 
distribution  plot  in  Figure  12  to  the  plot  in  Figure  9  shows  how  this  type  of 
fragmentation  behavior  has  moved  the  centroid  of  the  plot  to  the  left  in  Figure  12 
resulting  in  a  smaller  average  fragment  size  from  that  In  Figure  9. 
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FIGURE  1 1 .  Fragments  From  Combined  Tensile-Shear  Fracture  Example. 
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FIGURE  12.  Fragmentation  Signature  for  Combined  Tensile-Shear  Fracture  Example. 


NWC  TP  7124 


OTHER  CONSIDERATIONS 


In  order  to  better  understand  the  conditions  which  govern  the  physical 
behavior  of  the  warhead  case  after  the  start  of  detonation  and  the  resulting 
velocity  of  the  fragments,  some  additional  behavioral  aspects  need  to  be  con¬ 
sidered.  The  information  presented  in  the  following  sections  can  be  interwoven, 
as  seems  necessary,  into  the  fragmentation  model  previously  discussed. 


THE  TAYLOR  EXPANSION  CONCEPT 


In  1941,  Taylor  (Reference  17)  devised  a  method  for  determining  the 
"efficiency"  of  a  bomb  as  a  projector  of  fragments  in  terms  of  the  relative  amount 
of  detonation  energy  which  theoretically  could  be  transferred  to  the  case  as 
kinetic  energy.  He  considered  the  limiting  condition  for  fragment  velocity  to 
have  been  established  when  complete  rupture  of  the  case  had  occurred  (end  of 
Phase  2).  Thus,  the  further  the  case  expanded  without  rupture,  the  greater  was 
the  "efficiency"  of  the  bomb,  the  greater  was  the  amount  of  energy  transferred  to 
the  case,  and  the  greater  was  the  case  velocity.  Thus,  the  longer  the  case  held 
together  in  an  elastic-plastic  expansion  (Phases  1  and  2),  the  greater  would  be 
the  velocity  of  the  resultant  fragments. 

This  concept  laid  down  by  Taylor  nearly  50  years  ago  is  demonstrated 
today  by  the  use  of  "check  seals"  in  some  types  of  fragmentation  warheads, 
particularly  those  types  Involving  the  use  of  preformed  fragments  and  rod  bun¬ 
dles.  Without  the  containment  effect  provided  by  such  a  cylindrical  check  seal 
inserted  between  the  explosive  and  the  metal  components  constituting  the 
case,  detonation  products  would  Immediately  pass  through  between  the  com¬ 
ponent  members  of  the  case,  and  the  energy  transferred  from  the  detonation 
products  to  the  preformed  fragments  would  be  substantially  reduced. 

A  number  of  investigators  have  commented  on  this  reduction  In  the  frag¬ 
ment  velocities  of  preformed  fragments.  For  example,  Waggener  in  his  frag¬ 
ment  velocity  studies  with  solid  cylinders  and  preformed  fragments  (Reference 
21)  came  to  the  conclusion  that  "Warheads  constructed  of  preformed  fragment 
cases  produced  fragment  velocities  approximately  10  percent  lower  than  similar 
warheads  of  solid  cases."  In  Waggener's  studies  steel  cubes  were  placed 
directly  on  the  Comp  B  explosive  charges  without  the  presence  of  any  check 
seal.  In  other  studies  by  the  author  (not  referenced  here)  where  a  relatively  thin 
and  low  strength  cylindrical  check  seal  was  used,  the  velocity  reduction  for  pre¬ 
formed  case  components  compared  to  fragments  from  solid  cylinders 
approached  20  percent. 
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Other  investigators  relate  the  velocity  loss  for  preformed  fragments 
through  the  value  of  the  Gurney  constant  used  In  their  calculations.  Henry 
notes  (Reference  16)  that  if  the  fragments  from  a  cylindrical  case  are  preformed, 
the  value  for  the  Gurney  constant  V2E  is  reduced  by  1 0  to  1 5  percent  to  take  into 
account  gas  leakage.  For  the  same  sort  of  situation  involving  the  early  release 
of  the  detonation  products,  Kennedy  (Reference  13)  indicates  that  the  effective 
value  of  the  Gurney  constant  may  be  decreased  by  as  much  as  20  percent. 
Such  a  reduction  in  the  Gurney  constant  would  give  a  corresponding  reduction 
in  the  calculated  Gurney  velocity. 

For  warheads  with  a  solid  steel  cylindrical  case,  the  Bridgman  effect 
(Reference  1)  provides  a  natural  check  seal  in  the  nature  of  a  zone  of  ductile 
behavior  In  the  inner  portion  of  the  cylinder  wall.  Even  though  the  outer  portion 
of  the  warhead  case  may  be  fracturing  In  tension,  the  inner  ductile  portion  may 
still  be  expanding  intact  and  thus  containing  the  detonation  products.  As  shown 
by  prior  examples  in  this  report,  the  expansion  ratios  prior  to  "rupture"  (end  of 
Phase  2)  for  all-shear  behavior  at  normal  temperature  and  combined  tensile- 
shear  behavior  at  about  -110°F  were  essentially  the  same,  with  a  60  to  65 
percent  increase  in  the  diameter. 

When  comparable  plain-wall  cylinders,  one  at  normal  temperature  and 
the  other  pro-chilled  to  about  -110°F,  were  test  fired  in  20-foot  radius  arenas 
(Reference  3),  fragment  velocities  averaged  over  20  feet  (V2o)  for  both  types  of 
behavior  were  essentially  the  same.  The  normal  temperature  cylinder  which 
fractured  In  the  all-shear  mode  had  a  C/M  value  of  0.85  and  gave  a  V20  value  of 
6,200  ft/sec.  The  test  cylinder  which  was  pre-chilled  to  about  -1 10°F  fractured  In 
the  combined  tensile-shear  mode  (35  percent  tensile,  65  percent  shear)  as 
previously  described.  The  low  temperature  test  vehicle  had  a  C/M  value  of  0.88 
and  gave  a  V20  value  of  6,150  ft/sec.  It  might  be  concluded  that  the  low 
temperature  cylinder  had  a  natural  check  seal  which  constituted  the  inner  65 
percent  of  the  case  thickness  and  allowed  the  fragments  to  achieve  essentially 
the  same  V20  value  as  the  fragments  from  the  normal  temperature  case. 

From  the  data  given  in  Table  1  of  Reference  17,  the  behavior  of  these  two 
examples,  based  on  their  rupture  ratios,  would  have  been  given  efficiency 
values  of  about  45  percent  by  Taylor's  method  of  calculation.  Taylor  estimated 
that  to  get  50  percent  of  the  available  energy  Into  the  case  it  would  be  neces¬ 
sary  for  the  case  to  "hold  together"  (end  of  Phase  2)  until  its  diameter  had 
increased  by  about  90  percent,  that  is  D2/D0  -  1 .90. 

Thus,  If  this  line  of  reasoning  is  applied,  then  to  Increase  fragment  veloci¬ 
ties  from  a  given  warhead  it  becomes  necessary  to  change  the  physical  or 
engineering  properties  of  the  case  in  such  a  manner  that  the  diametral  ratio, 
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D2/D0,  at  the  end  of  Phase  2  is  substantially  increased.  The  difficulties  that 
arise  in  attempting  this  approach  are  briefly  discussed  later  In  this  report. 

It  also  indicates  the  problems  which  are  encountered  when  trying  to 
design  a  warhead  where  the  velocities  of  preformed  fragments  compare  favor¬ 
ably  with  the  fragment  velocities  from  a  comparable  warhead  with  a  solid  case. 
Fortunately,  for  this  latter  problem,  the  desirable  features  of  controlled  fragmen¬ 
tation  offered  by  preformed  fragments,  and  the  higher  fragment  velocities 
offered  by  a  solid  case,  can  both  be  achieved  through  the  use  of  inner-surface, 
shear-control  grids  (Reference  4). 


THE  BRIDGMAN  EFFECT 


Bridgman  has  demonstrated  (Reference  23)  that  when  high  hydrostatic 
pressure  is  superimposed  on  a  steel  tensile  specimen,  the  ductility  and  elonga¬ 
tion  characteristics  of  the  specimen  can  be  increased  several  hundred  fold  as 
compared  to  a  similar  specimen  pulled  to  fracture  at  atmospheric  pressure.  To 
quote  Bridgman  on  this  subject:  "Perhaps  the  most  striking  effect  of  hydrostatic 
pressure  on  such  subs'  nces  as  ordinary  mild  steel  is  the  increase  of  ductility, 
that  is  the  increase  of  plastic  deformation  which  will  be  tolerated  without  frac¬ 
ture.  .  . .  Under  pressures  in  the  range  between  300,000  and  450,000  psi  the 
degree  of  ductility  which  may  be  imparted  is  practically  unlimited;  in  one 
instance  an  elongation  of  300-fold  at  the  neck  was  observed,  without  fracture." 

Most  of  Bridgman's  studies  In  this  area  relate  to  the  WW II  and  post-WW  II 
eras  and  Involve  the  use  of  equipment  whereby  he  could  "pull"  a  tensile  speci¬ 
men  while  It  was  simultaneously  subjected  to  hydrostatic  pressures  of  up  to 
450,000  psi  (Reference  24).  The  WW  II  studies  appeared  mainly  as  Watertown 
Arsenal  and  National  Defense  Research  Committee  (NDRC)  reports  dated  from 
1942  through  1944,  while  open  literature  papers  on  the  subject  appeared  up  to 
about  1950.  All  of  this  work,  plus  some  of  his  very  early  studies  starting  about 
1912,  have  been  summarized  and  tied  together  In  Reference  24.  For  example, 
in  Table  5  of  Reference  24,  Bridgman  documents  the  results  of  over  600  tensile 
tests  conducted  on  steels  under  pressures  ranging  from  atmospheric  to  about 
425,000  psi.  These  studies  included  about  20  different  steels,  most  of  which 
were  designated  as  being  of  "ordnance  Interest."  Many  of  these  steels  were 
tested  relative  to  different  heat  treatments  with  their  resulting  differences  in 
properties.  For  example,  SAE  1045,  which  was  one  of  the  steels  of  interest  to 
Watertown  Arsenal,  was  tested  in  nine  different  heat-treated  conditions. 

This  geometry  of  a  steel  tensile  specimen  simultaneously  subjected  to  a 
high  hydrostatic  pressure  Is  also  essentially  realized  in  the  wall  of  a  warhead 
case  during  case  expansion  in  parts  of  Phases  1  and  2,  most  notably  near  the 
inner  surface  of  the  case.  Consider  a  circular  cross  section  of  the  case  as  it 


37 


NWC  TP  7124 


expands  radially  outward  under  the  detonation  pressure  of  an  explosive.  A  cir¬ 
cumferentially  oriented  element  lying  in  the  plane  of  the  cross  section  near  the 
inner  surface  of  the  case  is  simultaneously  subjected  to  a  tensile  pull  under  the 
action  of  the  circumferential  stress,  and  to  a  large  hydrostatic  pressure  effect 
resulting  from  the  detonation  pressure  and  the  corresponding  radial  compres¬ 
sive  stress  in  the  wall  of  the  case.  This  zone  of  ductility  near  the  inner  portion  of 
the  warhead  case  acts  as  a  check  seal,  or  pressure  containment  feature,  par¬ 
ticularly  during  the  early  part  of  Phase  2  during  which  fractures  are  propagating 
inward  from  the  outer  surface  of  the  warhead  case. 

As  a  general  rule  the  expansion  behavior  of  a  warhead  case  is  treated  as 
a  problem  in  dynamic  stress  analysis,  and  numerous  investigators,  starting  with 
Taylor  (Reference  9),  have  studied  it  in  this  manner  based  on  a  variety  of  stress, 
strain,  and  energy  criteria.  Stronge  (Reference  10)  presents  a  condensed 
review  of  a  number  of  these  studies.  In  keeping  with  the  purpose  of  this  report, 
i.e.,  to  treat  the  fragmentation  model  in  a  descriptive  manner  based  on 
experimental  results,  the  introduction  of  the  Bridgman  effect  to  explain  the 
concept  of  a  natural  check  seal  in  the  warhead  case  seemed  appropriate  and, 
in  the  predictive  sense,  provides  for  the  same  general  modes  of  behavior  as  the 
mathematical  models.  This  approach  based  on  Bridgman's  studies  was  first 
presented  by  the  author  over  20  years  ago  (Reference  1)  and  has  been  used 
effectively  by  the  author  to  quickly  explain  numerous  problems  related  to 
warheads  in  their  expansion  and  fragmentation  behavior. 


EFFECT  OF  CASE  PARAMETERS  ON  FRAGMENT  VELOCITIES 


The  fragment  velocity  equations  as  derived  by  Gurney,  Taylor,  Henry  and 
others  were  based  on  an  energy  balance  approach.  The  controlling  parame¬ 
ters  which  appear  in  the  relations  are  the  C/M  value  of  the  warhead,  and  an 
energy  constant  for  the  explosive.  The  engineering  and  metallurgical  proper¬ 
ties  of  the  case  material  do  not  enter  into  these  velocity  relations,  except  for  the 
density  of  the  case  material  which  is  accounted  for  in  the  C/M  value. 

Such  behavior  has  been  demonstrated  experimentally  in  numerous 
Zone  4  velocity  studies.  For  example,  changing  through  wide  ranges  such 
properties  of  a  steel  case  as  hardness,  strength,  and  the  brittleness/ductility 
factor  do  not  appear  to  noticeably  affect  the  fragment  velocity  (Reference  1). 
Also,  the  type  of  steel  used,  ranging  from  the  low-strength,  plain  low-carbon 
steels  to  the  high-strength,  heat-treatable  types,  which  represent  a  wide  spread 
of  normally  ductile  to  brittle  behavior,  appears  to  have  little  affect  on  fragment 
velocity  (Reference  1 ). 
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Certain  changes  in  the  geometrical  aspects  of  case  design,  attributable 
to  the  use  of  shear-control  grids,  can  also  be  included  in  the  above 
generalization  regarding  fragment  velocity.  Included  in  this  are  the  following: 
(1)  the  use  of  shear-control  grids  on  either  the  inner  or  the  outer  surface  of  the 
case  (Reference  2),  (2)  different  control  sizes  in  the  dimensions  of  the  diamond 
pattern  grids  (References  1  and  2),  and  variations  in  the  cross-sectional  profile 
of  the  grid  elements  (References  1  and  2). 

When  the  composite  warhead  (explosive  and  metal)  has  been  chilled  to 
extremely  low  temperatures  (-60°F  and  -110°F)  and  detonated,  fragment  veloci¬ 
ties  remain  essentially  unchanged  from  norma!  temperature  behavior 
(Reference  3).  It  is  instructive  to  note  in  these  low  temperature  studies  that 
while  the  fragmentation  behavior  of  the  case  is  influenced  by  the  presence  of  an 
outer  tensile  skin,  considerable  ductility  remains  in  the  bulk  of  the  cylinder  wall, 
so  that  the  case  does  not  shatter  in  the  manner  predicted  from  such  behavioral 
tests  as  a  temperature  dependent  Charpy  impact  test  (References  25  and  26). 
This  is  an  example  of  where  the  behavioral  results  taken  from  a  conventional 
test  can  be  partially  or  even  completely  overridden  by  the  tremendous  changes 
in  the  testing  environment  to  which  the  metal  is  subjected  by  a  detonating 
explosive.  Numerous  examples  of  such  changes  in  behavior  exist  in  the 
explosive  ordnance  field.  Many  of  these  examples  were  identified  and 
explained  about  35  years  ago  (Reference  27).  However,  with  continuing 
advancements  in  the  explosive  ordnance  field,  what  often  seem  to  bo  new 
behavioral  anomalies  keep  appearing.  The  investigator  always  needs  to 
approach  such  apparent  contradictions  with  an  open  mind. 

All  of  the  above  parameters  can  produce  marked  changes  in  the  nature 
of  the  fragments  produced.  The  predominance  in  ductile  shear  fracture  behav¬ 
ior  can  be  changed  to  varying  degrees  of  ductile-brittle  combinations.  The  size 
and  appearance  of  the  fragments  can  change  along  with  their  respective  frag¬ 
mentation  signatures  (References  1  through  4),  but  the  basic  velocity  of  the 
fragments  remains  contained  within  a  small  experimental  velocity  spread 
(References  1  through  3),  providing  the  C/M  value  and  explosive  energy  con¬ 
stant  are  maintained.  Excluded  from  the  above  velocity  value  generalization 
are  possible  velocity  effects  which  can  be  obtained  from  such  things  as  (1) 
initiation  geometries  specially  designed  to  produce  focussing  effects,  and  (2) 
the  degree  of  end  confinement,  which  may  affect  the  velocities  of  fragments  at 
specific  iocations  along  the  case. 

As  previously  mentioned,  the  author  has  conducted  numerous  studies 
involving  different  engineering  properties  and  different  case  design  parameters, 
all  based  on  the  standard  test  vehicle  described  in  the  beginning  of  this  report. 
As  such,  fragment  velocities  (V20)  can  be  easily  compared  bas9d  on  changes  in 
specific  case  parameters.  The  interested  reader  can  find  much  of  this  earlier 
work,  with  extensive  experimental  results,  presented  in  Reference  1  through  3. 
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AREAS  OF  APPLICATION 


When  a  blast-frag  warhead  is  detonated  at  some  distance  from  a  given 
target,  the  resulting  terminal  effects  are  largely  dependent  on  the  velocity  and 
physical  nature  of  the  fragments,  both  of  which  have  become  essentially  stabi¬ 
lized  by  the  time  of  impact.  This  is  the  general  encounter  situation  normally 
faced  by  the  ordnance  engineer  and  is  representative  of  a  Zone  4  encounter. 

However,  there  are  other  situations  where  the  velocity  and  the  physical 
nature  of  the  warhead  case  have  not  yet  stabilized  at  the  time  of  encounter.  A 
general  example  would  be  when  the  warhead  is  detonated  close  enough  to  the 
target  to  place  the  encounter  situation  within  Zones  1,  2,  or  3.  A  more  specific 
example  would  be  the  donor-receptor  feature  of  stored  munitions  when  one  of 
the  warheads  is  detonated  Inadvertently.  In  such  a  situation  the  warheads 
could  be  in  close  proximity,  with  separation  distances  ranging  from  a  fraction  of 
an  Inch  to  one  or  more  diameters.  This  would  also  place  the  encounter 
situation  within  Zones  1,  2,  or  3. 

In  the  actual  use  of  a  blast-frag  warhead,  blast  effect  can  be  a  major 
component  of  the  total  damage  mechanism.  Its  effectiveness  Is  a  function  of 
distance,  being  greatest  in  Zones  1  through  3,  and  deoreasing  with  distance  in 
Zone  4.  Total  damage  to  the  target  Is  the  result  of  blast  and  fragment  impact 
acting  together  in  a  synergistic  manner.  A  major  purpose  of  this  report  is  to  give 
the  reader  a  better  understanding  of  the  warhead  case  behavior  as  a  function  of 
time  and  distance  so  that  the  case/fragment  contribution  can  be  factored  better 
Into  the  synergistic  aspect  of  the  total  damage  mechanism.  Based  on  the 
fragmentation  model  described  in  this  report,  the  actual  times,  distances,  and 
metal  velocities  can  be  established  for  the  warhead  case  in  its  different 
behavioral  modes  and  can  be  shown  by  a  plot  similar  to  those  In  Figures  7  and 
10.  An  appreciation  for  the  combined  blast-fragment  effect  can  then  be 
obtained  by  superimposing  the  fragmentation  model  plot  onto  blast  wave  plots 
involving  pressure  and  impulse  versus  time  and  distance. 
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